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INTRODUCTION
Exchanges of géneti:c material between bacterial cells canr be
classified into two main catééories ( Lederverg, J., 1954). The firet
category is exemplified by the recombinational process found in
Byoherichia coli K~12 by Tatum and Lederberg (1947). This form of gentic change
includes a syngamic process, that is, the conjunction of large blocks of
genetic material, and there is evidence of linkage groups, linearity of
gene‘s, and requirement for intect cells ( Lederberg, J., et al, 1951,
~ Lederbderg, J., 1954).

| Under the second mxx maln category are found the exchanges

where one of the participating cells is not found in intact form, but

whose genetic material 1s presented as a solution or suspension of

| |
particles much smaller thag the cell, T This'category i
has been given the geﬁerél title of tranédﬁctionkZiﬂder and Ledefberg. 1952,
3.
Leder‘oerg, 1954) y and is readily subdivided. into two classel on the basis of
sub  of trans
the vector of recombimtion. The first class is ex-npllfied by the pneumococc:
transformation systemn(Austrian. 1952). where the genetic changes arIJAyroughi
' _ () -
about by means of purified preparations of desoxyri'bonucleic “MA In the
gsecond subdclass the genetic changes are mediated by bacteria.l virules or

bacteriophages § Zinder and I-ederberg. 1952, m m

A T syu amy,
%883, In contrast ﬂi&m ! . genetic transduction usually

results in monofactorial geq\tic changes, although dual changes have been
‘noted ( Stocker, Zinder and_.‘Led.erberg. 1953, Hotchkiss, 1954).

-'l‘he 'frequency'of occurrence of these exchange processes among the

7

i
E
'various geuera of bacteria is not known. Genetic recombination of the B, ¢oli’

K-12 type has been observed in about 50 additional stra:ln: of E. coli of over '
{ORS S &
2000 examined (inederberg and !l‘atum. 1953). gransdncti. e al e

us :
pueumccoccllt temmpferamittLgge have been observed 1;1 ﬂenggung ;nﬂnenu.g
—_—s>
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( Alexander and Leidy, 1951), Meisseria menigitidis ( Alexander and
Redman, -1952), and Escherichia coli ( Boivin. 1947). While strains

<D _

of E. coli are reported to show syngamy and transduction, p 1383414

Boivin's culture has been lost and firther studies with it are

impossible. Attsmpts to transfer genetic material via detfmz.kgﬁc&l?%c

acid preparations in E, coll K-12 have been unsucessful.(AAtch],y, 1951).

In Salmonella, Zinder and Lederberg (1952)demonst¥Rted phage mediated
transductions but falled to show the occurrence of ayngamic recombinat%on.
Thus, of the three forms of recombination considered, no one culture has
previously been observed to exhibit more than one of the exchange processes,
It is the purpose of this thesis to describe a limited system of transduction’
in E. coli mediated by the lysogenic phage of stratn K-12, lambda. The

occurrence within the same sgrain of syngamic recombirnation ard of phage

mediated transdnction promises to improve our under;tanding of both

processes.
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MATERIALS A.D METHODS
The principal cultures used are listed in table 1. In summary

they represent mutations at three distinct loci which lead to the I?u
of ability to ferment galaci;ose. Such mitations have been obtained by
irradiating galactose positive cultures or an indicator medium, EMB
galactose agar. The different loci have been distinguiaheﬁ‘y intercrossing
the various stocks and finding galactose positive recombinants in
certain crosses (Lederherg, E. 1950). ' 1}13 Gg]_l..

Gal;,- stocke are the result of a single mitation’ to (- ) in each case,
vwhilo Galz ' stocks represent two 1ndependent mtations to (-) vhose
identity is based \rpon the observation that no galactoee positiu
rgcopbimnts havfe been ob,_served in more than 11,000 prototrc:phic -
r}‘e'com‘bin&nt‘s from cros:es between theﬁ,and upon thé synonymous 'behavior
of the stocks in transduction experiments. These three loci are closely
linked to one a.nother ag indicated by the data in table 2. but the order
of the loei 13 not specified.

In addition. each of these loci is known ( Leder‘berg. ik and
Lederberg, “ 1953 ) to be closely linked to ’ latent phage )
Locus of E. coli K-12, Tres alleles are known to exist at the Lp locusf !
(1) Lp 4' overtly lysogenic '-(showing evid.ence of free phage in cross

srushes with Lps forns) and resistant to lysis by free lambda phage, {

{2) IpT ; not overtly lysogenic

e NS SERE-CPCTR but resistant to lycis by free lambda

15
>ha,ge, (3) Lp 'not lysogenic, and m lysed or lysogenized by free

hage.
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At least two other loci affect the interaction of lambda with
E. coli X-12, and are scored by resistance to lambdaéz. the lytic

mutant of lambda, One of these shows a coincidence change in maltose

e
fermentati on. Both mutations result in a loss by the cell ofhability
either
to adigfbhlambda or lambda~2 regardless of the state at the Lp ;ocua.

Methods and media were as detailed in Lederbverg, J.(1950).
Liquid cultures were in penassay broth, with or without aeration; solid
media were of EMB base, elither with or without added sugar, or Difeo
nutrient agar with 0.5 percent waCl, j‘or crosses, a synthetic form of
EMB, BMS,was used. | '

High titeréd lambda phage lysates were prepared by two methods.
The first and most commdnly used was that of Weigle and Delbrﬂck(195l)
in which induction by ultraviolet radiation (UV) is used. The UV was
administered to penassay grown cells resuspended in saline at a density
of about 107 per ml, After irradiation the cells were dlluted with double
strength penassay broth and incubated at 37C with aeration until maximal
_cléaring was obtained. " Lytic " lambda was prepared by infacting lambda
sengitive cells with UV-induced lambda; the infected cells were resuspended
in nutrient saline broth, These suspemsions were then incubated ét 37C

with aeration until maximal clearirg was obtained. Lysates prepared by UV

10 Per ml, whereas the lysates prepared

induction had titers in excess of 10
by the other method had slightly lower titers. Unless'otherwise specified,
the lambda used irn the following experiments was obtained by UV induction
of lysogenic bacteria.

Crosses were performed by mixing Cksaline suspensions of penassay
grown cells either before plating on the EMS synthetic medium (usually with

aedded galactose) or directly upon the plates

6



Tests of oultures for phage resction vere by the cross brush method
in vhich the cultyre is streaked across either phage or phage sensitive
. ) ) . . ' S
cells to ascertain vhether or not it ,:urrying bhage or sensitive to
phege ( Lcdorbnrgg_g and Lederberg, &g 1953).
] L‘u}u 3\911&8
" Bransduction assays were made in the case of , nornl}
rrequency of transduction H&B by adding 0.1 ml of lyeate to the
»upprppriato calln on EMB gn.laotolo agar and 1mmba.t1ng the' plato for L
48 houra. A nmnte plate with no lyute Mdad served as an d(:timte
. i gthey cases

of the anount or spontmeun reversion acenrring. or, the lysate was
spread 0n1y npon one~half of the plate, \uth L Iyu.tes giving a

(Her)
high fraqnoney cf trmduction,,tho lysate was oross brushed mul R

~ on the eell;, a He tosts phage sensitivity.
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EXPERIMELTAL RESULTS

General Gbgervations on frassduction

of a humbcr of loci 3&"5"‘* at reudon

: for ability to

Tests
b gave negative

be transduced £
results (table 3), The tests for t;%nsduction of the anxntrophic markers

vere performed by adding lysate to cells on minimal medium, the tests

on fermentation markers on EMB mediun with the apprepriate sugar, Al
was performed
/&e teat for transduction of streptomycin resistance b;r growing the

‘6~ addition | - ?\GU
o Gﬁactose negative cultures unable to fermert an additional
"ngn ca.rbohydrate such as lactose, xyloee, and e.ra.binose ( E. Lederberg,
unpublished) will give apparent transductions wheh plated with phage |
on media cOntaining these s‘nbstances. Such apparent tr(yé]eductions are

‘ not for the fermentation of the carbohydrate 1n the medium, but for _

s % RN
.

ga.lactose ferm nfatiOn,' since after purification, the transductionl '

clones are found only ge.lactose positive. Media containing these su‘ostances

.
ML LR Y Y e ‘-r-,‘ PO
- s T

have some selective action on gala.ctose fermenting clones. ’

Tt TR - e Tt T oy A e

EORE S SAEE S I S L S A R i R AP R AN

in the mmber of galactose fermenting papillae are obgerved (table L),

The mambexr of gelacfo:e‘ fermenting clones 4is proportional to the

anount of lysate added (figure l). Since each of these mutations to
inabdility to ferment galactoss ie capable of reverse mutation the data
met be corrected tn—each—ease, This haa been done for the data in
figure 1 by subtraoting the mmber of -éont&necu- reversions as
determined from ocontrol platings with no added lysate. In addition to
indicating proportionality, the data in figure 1 indicate that the cells
shov the effect irrespective of the Lp genotype of the cell, and that
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lubdu sensitive oalh are more ca.pnblo of showing the effect of added
lynata thanAg:?f;:&c ckltures. lbures
Z-Em\ of galactose mﬁn Sodbeday. |

When lyutes of galactose negative cultures are mixed with
the various plactc;u negative cells results sintlar to those showa in
~ table 4 are obm With the possible cxcoptlon of the interactions

of 8111 nnd G-J.;,. oa.oh of the lysates u capabdble ot mking gnlacton
termenting papillu upon platn cprm with non-honologou- nogutin

- cells. witb. the uml lyutu Ga.ll. Gn.lu 1ntmctionn are matic. sou-

tives giving -igalﬁcant &u‘feronees betvcen eentrol and lysato u’mod
Plates, metinos not. This laterastion \du bo dult with in more

detail in a later uotion. it will be mfficient to otate here that Lo
/OS( YU

euch interaction doeo not proéuee elones that are phenotypically .

of These loci
The differentiation A0y lysate interaction corresponds to the

differentiation Afiisist=tbi by reoombinatiqml analyels.

Actwit ,
5. Exbowidk of Lysstes of reverted galsctose pegative ultfres.

Reverse miation restores the ability of lysates of a galactose

Adecwhatwr  DrdD e ol

Tr oy A, e T e LR SN o
B T PSS AY R . .
+ RS

W . g

DR N SRR m o et D o e medt

Mimic reversals should be able to evoke papilla.e from cells of the S

‘ original mutant type Only in the improba.'ble event that they are located

| L in the restricted genetic segment that appea.rs to 'be ca:pable of genstic

. L ”tranSd.uctiono [ o 5 T S T T R N

i
ey > TR LA : I ‘ s FT WIS g LR L PR 3
T ,_.3 EOMRAL Laniiconsh A BT ‘y i v e B MG LV oM

m of the tra.naduoing astivity of a lyuto by the nothod
sohichddry
of mixing lysate and cells on the plates appears to be gamd in the case
of lysogenic cultures, the variation being less than two-fold over a

thousand~-fold change in the number of cells plated. Cell concentrations
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OPTIMAL-

Dbetween 5 X 107 and 5 X 108 appear to give f\deteotim of lysat
@etivity‘ When the assay cells are lambda sensitive the variation is
two to three fold greater over the thousand-fold range of cell values

6 to 109, with {increasing assay values as the mumber of cells

from 10
increases. Since the ratiox of phage particles to transducing particles
in a lysate is very laxv'go‘ the interaction between lysate and 'aensitive
cells 15 complex,mut fhx with the grest probé.‘nility that the inactive

phage pa.rticlea m intlusnce the expreuion of tho transducing pa.rticlu. o

el el i e WD e ————— e ein e e

The ratio of transductions to phage content of the lysates varies,
approximeting 10"7 for lysogenic assay cells, about 10'6 for sensitive

cells, that is, about a ten-fold difference in efficiency.

The necessity of lambda adsorption for transduction
The ﬁecessity for lambda adsorption for transduction is illustrated

by the results given in table b. When the various galactose negative cultures
are lambda-2 résista.nt, a combination which is incapable of adsorbing

either lambda or lambda~2, transductions are not obtained. The ability to
transform a galactose negative locus found coupled with lambda~2 resistance
is demonstrable when a suitable out cross is made and the galactose negative
lambda-2 sensitive recomdbinant obtained. Lambda~2 resistance does not

effect the ability of a lysogenic culture to give rise to phage and

transducing particles after UV induction,
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Toe paffarof lvile lanbda. ™ -
2*0 transductions described thns far have baon effected by
eans of lysatca prqpnred Yy the nltraviolot indnotion tochniqne.

b yutaa prepared by lytic grwth of the phago on a -ansitiu aulturo

BAY

The %uu{uaﬁ"ﬂl g/mCJ

With the exception of the Lp locus in the case of lambda

sensitive cells, no changes have been observed in any of the other genetic
characterisgéos of the transformed cells. Many of the galactose fermenting
clones prodﬁcéd by transduction are different from the spontaneous reversions
in their instabiltty for galactose fermentation and in some cases for
lambda reaction., That is, they continue to segregate galactose negative
clones in the course of many serial isolations., In addition, in the case
of the transductions with Lpr reaction there 1s segrdb%tion for lambda
sensitivity with segregation for galactose fermentation. Lysates from urstabld
transduction clones also differ from lysates of galactose reversions: ;n
thevformer the ratio of transductions to plaques is much closer to unityy
(table 8).

Lysates of the cultures unstable for galactose fermentation

when prepared in the manner of the other cultures
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have lower phage titers. The reason for this is not known bui the
production of phage in these lysates is being studied further. With
the excg}ition! of transductions formed with wild type lysates, the
transduction titer of these lpsates is dependent on the genotype of
the assay culture.

¥hen portions of these lysates are cross brushed on galactose
negative cultures the 1ntersectio\n of the streaks is converted principally .
to galactose positive growth becanss of the high frequency of transduction
(EFT), The problem of the HFP lysates will be dealt with in more detail
in a later section.

Incidence 8f£cli¥sogentcity in thg,transduction clones derived from Lp®

recipient cella’
When NPT lysates are used in tranasductions to LPB recipient cells,

about 90 percent of the resultant transduction clones are lysogenic (Lp+)
or Lpr. There is some slight evidence for lambda sensitive transductions,
but these putative transductions have been found stable for galactose
fermenattion and it has not been possible to distinguish them from

spontaneous reﬂersions except by their frequency of occurrence,
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When Lpr cultures' are treated with lysates a small fraction
(3-5 percent) of the segregants from the resultent transductions are
lysogenic whereas it had nothbeen pos#ible to lysogenize 1p° cultures
with previous methods (Lederberg and Lednn’berg, 1953).

The high incidence of lysogentpity in the transduction clones
nay be misleading owing to the excess of phage,and it cannot be ascertained
whether lysogenization took place before, concomitant with, or after
transductionj by the NFT phage. In the section on HFT 1ysa£ea the r%&?tionship
between transduction and lysogenization will be shown more clearly.

The segregahts from the transductions with Lp* reactlon are
Lp+. while the segregants from the hpr traﬁsductions are Lps and Lpr.

In speaking of the I.pr reaction it shpnld be noted that the
classification of Lpr is more subject to quantitative considerations than
the other alleles of Lp, The @wo cultures (W1924,W1027) derived from source;s
other than Frans&uction that showgd no plaque forming phage in cross brushes
with seneitive cultures gave plaque forhing phage after induction with
ultraviolet radiation, The amount of phage was greatly reduced ovei' that
obtained from Lp+ cultures under similar conditions. These two cultures
were obtained after separate procedures, one from an ultraviolet
irradiated Lp' 6dltuid, the other from an Lps culture treated with lambda
(E. Lederberg, unmpublished)., Both were stable as regards their lambda
reactions. The Lpr clones obeerved-a.fter transduction have not given plaque

they
forming phage after U.V. exposure, but'\differ from those which have given

phaga,by instability at the Lp locus

Whether the Yransductiong with I:;g:»r reaction are the results of

heterogeneity among the phage particles, the cells, or as the results of a

fdefective" =



- aoct of lysogoniza.tion is not tnown, but presumadbly the prodlem could

——y

\

w-Fl».-

!-;'-,

be investigated by statistical mean-.
Exigtence of transdnctions stable for galactose fermentation.

The evidence for the occurrence of stable transductions is the
increased mmmber of stable galactose positiva clones found on lysate
plates‘pr u erpueted faen sambaot piakires{ tabis ﬂ) Although the
increase could a.lso be explained on the assumption of a change in

: -favorm {pmfaneou,: reversions < /mlm; rat molt of rthewr are alss
selective conditions)\. e Tac eated, lysates ( 560 for 30 mimutes )y o tyrefeme
0 the Eaea -

m or fntratea of galactose positlve,lambda sensitive cultures gave of ’7;'“;“{‘5‘*"
0o 1ncreaae in num’ber of papillaej, suggasts that change in selective _ Gnd

conditions is not the case.
THE SECREGANTE ffiom THE UNITARLE TRANSOUCRO NS - ™

- The non-fermanting segregants from the unstable transductii 2

negative cultﬁres against lysates of the segregants,(3) by cresses wiph
known galactose negative types. _|In classifying the segregants it will
be convenient to fefer to the BEEFBEKREEXEYXERE parental soﬁrce of the
negative allele or alleles by generalized designations, By idlotype is
meant the genotype of the recipient cell parent, by allotype the gerotype
of the donor source of the transducing lysate, Amphitypic will designate
cultures which at some locl are. 1diotypbc and at others are allotyple, e
Unstable or. segrega}ng stocks, as will appear, are heterogenotes and

the underlying state 1s described as heterogenic to distinguish it from |
euploid heterozygoain for bntire ganomes. S . S [

For further analysis it will ultimately be desirablp to

T e MADE
1sola.t10ns with due regard to the complexities of colonixi fo
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A
Ve.rioue segregants wefe tested by one of the three possible @

three
methods, and eome cases (table 10) by al) methode. Tables 1f and 12

>*'u.,:.‘,; ho " R A w + kel “

preaent summa.ries of the analyais as transduction recipientn ard as

I P LR ".x PSR! BT e L g L—f e 4‘.‘ ‘t\.«*r-'v“v K L

tra.nsduction douors. The pattern of eegregation in the varioua trana-

o S L

duction experiments can be obtained from table 11. Gall- segregants

haVe not been tested in crossing experiments because no suitable
' - for this purpose ' -
stock is availablgt

— ..,.a»-_. — e

PG o P 3 _'f;~} ;4,;33 ‘_Ei‘,"l?};‘aii’-'f 4 Tgiies wxy vedolets, wnad
is, & culturq clauified by tho first aethod ns 6&14- vas .1!0 olauified
as: thiu m by tho other two. tute._ iy (IREES -

L
against lyuten of knmm cultnrn. !'vo vere Gsll mz-. and one vas

fied ss anphitypio in teatl

" an Galy, -, !he formor vere prototrophic o.nd 1t wvas not poni‘lle to
examine their behavior in crosses, The Gal ~ Gelu- w.lturo il erouable
but has not ‘uen tntod Wu yet. Co '

_ Becanu af the Ga:il- Gal;, intoraofion it is not peuible to tut
any of the anphitnic ngrqganta naing only tho throo‘Aso far considered.
' Attupts were made te anelyte the amphitypu rurther by the action of
thcu' lyutu on an ‘dditiom.l locnl, .‘6316- Lmtel of the two Gall-Gelz
were platod vith cclls of a Ga:l.s- culturo. Both lyutn had little action
in producing papilln . (This perhaps might hnve been expected since ww’ (i
Gal, -~ Won Galg-). Se'nnl unmu. ga.cme fernenting
clones v&do obta.inod from uoh intersetion. hovenr, ud a mber of
-egree-nu were tutod. or 16 ugregmts tron tko transd.nctiona l!r the
lysate of one uphitypio culture 15 wore Gelz . and om wn ehnified as
Gal)~ Gal,-. From the action of the lyu.te of the second amphitypie culture
five Oal;- and two Galy- seeregants vere cbiatned. Although both lysdss
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fransmitted Bul,_ and Gala-, confirming the existence of these fESEX in-

the parental. alturu. thc fulare to recover she 1diotypie ms- loons

among the ngramts is dimn-uag. X

Boyond the f_ugt,.t!m_t -Gals ,13_ & locus transdnced by lysates nothing s

known of Lts behavior. Al |

(dz;ﬂxwuw /
Although the uphitn&c cultures are not traaaforud ‘o wild e M

~ma.h thp action of a wingh pure J.yute, .

.nm The. mume- o2 tlu mmmua of eon: and 1ysate hate ok
s booa um.uatca bui tho yuﬂ; rodnead mlm' or tnnsdnettm wodnod }mﬂwpﬁ _;
_ by tho nixed lysate u expcctod. on she. mlwtion of MQondant interaction
bmocn the -cells and each of the tran-ducing activitios,
- The transduction§ prodused Yy _tho aotion ’ﬂf,' nixed lysates on
- amphityplo segregants appear to Be less stable than ti;énodnct!ons of cultpres -~
- #¥ negative at & single p.lactou locus. In addition they shi rise to
_ ®intermediate” ugrogmt- iz vhioh or.ly one of the twe transducing activities
 hag boen losh. rron the ¥4 olone. guu " stermediate” segregants in turn
give rigse to° Rgremts from which Yoth transducing activities have heen

lost, v , ‘
Under the section on transformed cells itk was noted that &b lysates

of the unstable galactose positive alones the ratic of transduction titer
RE MARKABLY

to lawpluu titer vugn:hish w
g o

. - these cultures wers not the
wﬂu,m

first to give BErr lyutu. In the course of .Zﬁ”mu .gmh from
sates

trm-ductionAw means of lyutn of thenm, mn-n oxecptio LLAYE ware




of transdncsion. ZHN

W An examina${on of » mmber of EFY cultures was made, the
remlts of vhich are shewn in tadle 1. \Wm @ -

S &cm for th‘véﬂ”’ -y TN _
these ccoptioml culture no differont froa tp other sogngmtl.

. !hnt 1:, thq rmted in iutn asti mtn In tha ‘same’ unw n m

(e ARSI P oAy \ :\vore unsuble .
for this proparty and unstablo on. rare: uc.utons :!'dr plmtuue%w
Regarding the lattu' 1nnta.uuty. e cnlturu vhich vare nosatin at
stngle locus segregated NFT segregants that were negative at this locus
and popp M M negativo at ai additional 1ocnl as wvell. In nont
instances , hovever, thc b 4 sagreganu vere of M smwe negativem‘ AT THE SAME

L“:l the p&ent gclactoso negatt'n HF? culture.

The galactose posit!.n renuionu of the Hﬁ cultnru that have
‘loon studied are still capnblo of givin; BFY lysatu. ht ares unstadle

- for placton fmontation. The mactou nogativo uaemn rron tho
reverted m cultnrn aro m. are oithor negative at tho same locuc as
the origiml negative HFT segregans$, or mgatin a% this locus and negative

which roved "hft"&é ‘thd ongw—d
- a% an sdditional locus, onoA\d:&h s thy 1d4otyplc locus in the fornation

z



